INTRODUCTION
The biological portion of the Heard Island Feasibility Test (HIFT; Munk and Forbes, 1989; Munk and Baggeroer, 1992 ) was conducted in a 70x70 km square centered on the site of the test, at 53 ø 25" SX74 ø 30" E, from 19 January to 3 February 1991 (Fig. 1) . The area lies south of the Antarctic convergence (at about 50 ø S) and within the summer feeding range of many species of marine mammals, including endangered balaenopterids and sperm whales (Physeter rnacrocephalus). The study had a dual goal, to monitor the impact of HIFT transmissions on marine mammals and to provide mitigation in the event that mammals were observed close to the sound source immediately prior to transmissions.
The number of pinnipeds and cetaceans likely to be affected by HIFT was difficult to estimate because few surveys for marine mammals have been conducted in the vicinity of Heard Island. Surveys by Ensor and Shaughnessy (1989) found large concentrations of fur seals (Arctocephalus gazella) at sea near the island and over the Kerguelen Plateau to the north and east, about 110 km from the study site. About 4000 fur seals breed along the north shore of the island during the austral summer, including a large colony on a spit at the east end. A declining population of 13 000 elephant seals (Mirounga leonina) breeds on the island during Small odontocetes do not hear well at low frequencies and little effort has been expended to measure their low frequency hearing. The bottlenose dolphin has a threshold of 130 dB at 50 Hz (Johnson, 1966 ) based on measurements of one individual. These species were unlikely to hear the transmissions except at very close range. Mysticetes hear well at low frequencies, based on measurements of cochlear morphology, particularly the large rorquals, with estimated best frequencies' ranging from below 500 Hz to 1-2 kHz (Ketten, 1992; Fleischer, 1976; Norris and Leatherwood, 1981) . The sperm whale hears best at around 2500 Hz (Carder and Ridgway, 1990), so it probably hears reasonably well at low frequencies, but it is not a low-frequency specialist ( 
1986
). Based on short-term experimental exposures to continuous industrial noise, significant proportions of study populations respond at sound pressure levels of 110-120 dB, or 10-30 dB above ambient in the appropriate band. However, such responses can occur at or below ambient (Dalheim and Ljungblad, 1990) , that is, at or close to the limits of detection. It is not known whether cetacean responses would eventually decline through habituation. Similar behavioral responses could be expected during HIFT from any cetacean that could hear the transmissions.
Temporary cessation of vocal behavior is common in the sperm whale (Watkins and Schevill, 1975; Watkins et al., 1985) in response to anthropogenic noise. This response is not as well documented in balaenopterids, but it does occur. Therefore, changes in vocal activity of cetaceans in the vicinity of the source site could be expected in addition to changes in surfacing patterns.
The marine mammal monitoring component of HIFT was a short-term study by necessity because the experiment itself was of short term (5 days with eight 1-h transmissions per day). Therefore, only short-term behavioral responses could be monitored. There was little chance that a statistically useful sample of observations could be obtained before, during and after transmissions in such a short period. To provide as sensitive a measure of effects as possible, both changes in density of marine mammals in the immediate vicinity of the transmissions and behavioral responses were collected. While transect surveys over large areas have been used to measure the consequences of exposure to human activity, they have not been used in experimental studies of noise effects previously. The HIFT transmissions were expected to insonify a sufficiently large area that line-transect surveys would provide a useful indication of response.
I. METHODS
The transmission protocol is described in detail elsewhere in this volume. As planned, transmissions of three types were to be emitted by 5 elements of a 10-element phased array of Hydroacoustics HLF-6 sources, with an estimated maximum output level of 220 dB re: 1/.tPa at 1 m. The array was to be centered at 175 m depth, the estimated depth of the sound speed minimum ("sound channel" or "SOFAR channel;" see Payne and Webb, 1972) 
near Heard
Island. Transmissions were centered on 57 Hz, and consisted of a continuous tone, a narrow-band pulse-encoded signal (pentaline; 15-Hz bandwidth), and broader-band pulseencoded signals (M-sequence, 30-Hz bandwidth). The maximum duty cycle for these transmissions was 33%, with transmissions taking place for 1 h out of every three.
The biological portion of the program consisted of three types of measurements, (1) line transect surveys to measure cetacean density and distribution around the source, (2) behavioral observations of animals at the surface from the vessel to determine whether there were changes in respiratory profiles during transmissions, and (3) acoustic measurements of calling underwater at a series of listening stations along the survey track. The methods for each type of observation are listed below.
A. Line-transect surveys
Two vessels made the expedition to Heard Island, the transmitting vessel (R/V CORY CHOUEST) and the marine mammal survey vessel (R/V Amy CHOUEST). A line-transect survey was conducted from AMY in the study area (Fig. 1) during a four day baseline period before the start of the transmissions (19-24 January). It was repeated during the transmission period (24 January-3 February). A total of 1120 km (605 nm) of surveys were planned for each period. When groups were sighted, observers recorded date, local time, Beaufort wind condition species, location, distance, and bearing from the survey vessel, sighting cue, estimated speed of travel, estimated direction of travel relative to the vessel, location relative to other marine mammals or birds in the area, group size, age and sex, and notes on activity.
B. Behavioral observations
When weather conditions permitted and cetacean groups remained at the surface for an extended period, behavioral observations of 1 h or more were made from Amy. Observa-tions were made of mysticete pods preferentially because they were thought to be most vulnerable to the transmissions and because they could be followed reliably from far enough away that the vessel would not mask transmission noise completely, 1-2 km behind the whales. The following data were recorded: general behavior (travel, mill, socialize, feed, and rest); conspicuous surface behaviors; respiration rate; ab- Sonobuoys were dropped each night from both vessels. Single buoys were always dropped from CORY, which was kept underway continuously. In marginal weather, AMY steamed slowly into the seas and only one buoy was dropped. Under good conditions, AMY drifted with engines off and buoys were dropped every 2 h to insure coverage for the whole night. Hydrophone depth was set to 80 m by default. If cetaceans were calling, more buoys were deployed, set to 18, 50, or 122 m, based on the target species and sea state. Buoys were also dropped during the daytime during behavioral observations. Surveys were conducted until a group of cetaceans was detected, at which time sonobuoys were deployed. In cases where cetaceans were tracked for a long time, buoys were dropped at half-hour intervals. The acoustic environment below 300 Hz was noisy throughout most of the study due to pulses from a distant French seismic survey vessel, the M/V MARION DUFRESNE, operating along the Kerguelen Plateau, and to noise made by AmY and CORY. Ambient noise measurements included distant noise from these vessels, and could not be estimated in high sea states due to noise generated by sonobuoy motion. The limit of the zone of influence for behavioral changes was estimated a priori to be the 120-dB isopleth. The exact limit of this zone was impossible to characterize due to changes at long range in bottom topography and hydrographic features (principally the Antarctic convergence).
However, it is likely to have been at a range of hundreds of kilometers in the top 100 m of water to the west and east of the transmission site.
From 1800 h on 24 January to 0200 h on 1 February, transmissions were made during 33 of 176 available hours (18.8%). The highest daily duty cycle (30%) was transmitted in the first few days of the experiment. A total of 35 transmissions were completed, 16 with the complete five-source array. No transmissions were made on 28 January due to equipment failure. Then, beginning 30 January, a storm disrupted the experiment, progressively damaging the source array and rendering biological observations difficult. The last 18 transmissions were completed with progressively fewer sources. Transmissions after 0500 on 31 January were shortened to half an hour, and the last transmission started at 0200 on 1 February. Thus, marine mammals in the area were exposed to three days of transmissions at full intensity, two days of transmissions with decreasing intensity, during which the background noise rose dramatically due to a storm, and one day of shortened transmissions with a single source, also with high background noise. Hourglass dolphins, southern long-tinned pilot whales, southern bottlenose whales, Arnoux's beaked whales, sperm whales, fin whales, blue whales, minke whales, fur seals, and southern elephant seals were sighted during these surveys. The predominant cetaceans were the hourglass dolphin, southern long-tinned pilot whale, southern bottlenose whale, and minke whale (Table II) . Due to one large school of 275 pilot whales and 30 hourglass dolphins sighted during the baseline period, the average group size before and during the transmissions differed greatly (12.16 vs 3.17). The one large school was 5 standard deviations from the mean. Ignoring this extreme value, the average group size dropped to 2.4/group. Because the sample size was small, this school had an undue influence on the estimates of density, and it was removed from further analyses.
The transmission experiment was terminated two days before the line-transect survey was completed for the second time. Therefore, the last two days of this survey were completed without source noise. Two sets of density estimates were generated, one set for the seven days when transmissions were made (25-31 January), and one for the whole transmission survey (25 January-3 February). The first represents the best estimate possible of the densities of marine mammals during the transmissions. The second allowed a better-matched comparison of distributions in baseline and transmission periods (Table III) .
The density of cetacean groups was estimated using the hazard-rate model (Buckland et al., 1993) . The 95% confidence intervals were calculated using bootstrap methods. because the sample sizes were small, all abundance estimates have wide confidence intervals and are likely to be unreliable. The only abundance estimates that will be reported are The number of hourglass dolphin schools sighted during the transmission period was twice that during the base line period (15 vs 6 sightings), rising from 19% to 45% of sightings. Simultaneously, the number of minke whale and southern bottlenose whale sightings declined (from 5 to 0 and from 10 to 4, respectively). These changes could not be explained entirely by biases in sightability.
The sample of pinniped sightings was too small to produce a reliable density estimate. However, the sighting rates did increase during the transmission period from 0.15 to 0.27 groups/h.
C. Sightings made from the transmission site (CORY)
The CORY traveled within a 9.25 kmx9.25 km area around the planned transmission site. During the base line period, CORY searched for 48 h. Observers sighted one hourglass dolphin, one southern bottlenose whale, eight Antarctic fur seals, two unidentified dolphin schools, and three unidentified mid-to large-sized whales (Table IV) Two groups (five and six dolphins, respectively) were observed milling in zig-zag patterns and leaping clear of the water during transmissions. None of these behaviors could be attributed unequivocally to the transmissions, as they are all in the normal repertoire of Lagenorhynchus dolphins. Of the 15 hourglass dolphin sightings for which headings could be recorded, relative orientation scores showed that 6 were traveling toward and 5 away from the AMY. Six of seven schools were oriented away from CORY.
The most frequently sighted midsized whale was the southern bottlenose whale (14 sightings). Most sightings were of single individuals. Of the six groups with known headings sighted during the baseline period, half were directed away and half were approaching the Amy. Most were headed away (6 of 7) from the CORY. The number of sightings during the transmission period was too small to characterize typical heading.
Behavioral observations of large whales: Minke whales were observed only before the start of the experiments and only from AmY. On all five occasions, the minke whales were traveling toward AMY. No pattern was apparent with respect to CORY's position.
Detailed observations were made of the few large balaenopterids encountered. Three behavioral observations of 1 h or longer were collected, one during the baseline and two during the transmission period.
Observation of one fin whale, 22 January: During the baseline period, one fin whale was followed for a total of 60 min from 1110 to 1210 h in Beaufort 6 conditions. The whale was initially sighted crossing the bow of AMY to the west, against the prevailing current, heading to W/WNW throughout the observation. The mean blow rate per surfacing was At 0824, two hourglass dolphins joined the blue whale. At this surfacing, the whale changed orientation 150 ø to the west and increased its speed (estimated at 19 km/h). It lunged forward at the surface for 6 min, after which it slowed to medium speed, stopped lunging for 3 min, and lunged briefly again at high speed until it dove at 0833 after 18 blows. The dolphins appeared to be riding the pressure wave created by the lunging movement. The lunging behavior was similar to that of feeding blue whales (R. Rowlett, NMFS, personal communication). There was no other evidence of feeding (e.g., birds, detritus, swallowing).
The hourglass dolphins were not sighted again after the whale stopped lunging. Through the remainder of the transmission period, the whale traveled at medium speed (6-8 km/h), with overall movement to the NE, generally toward CORY. At 0843, before the end of the transmission, the blue whale dove, and two unidentified rorquals were sighted 4 occured at the surface, but the whale's track between dives kept it on a NE and then E course (Fig. 6) . The whale's rate of change in orientation was 11ø/min before, 18ø/min during, and 16ø/min after the transmission. The higher reorientation rate during the transmission may have been a response to the AMY, or the presence of hourglass dolphins and prey, or the presence of the other whales in the area. The whale certainly appeared to be avoiding AMY because six of eight relative orientation scores were negative. There was no such pattern with respect to the CORY.
The mean number of blows/min and number of blows per surfacing increased during the transmissions relative to the period before and remained high afterward (Table V) .
Dive times remained constant, however.
Observation of two unidentified rorquals, 28 January: From 1116 to 1313 h a pod of two 13-14.5 m rorquals was detected and followed. Species identification could not be confirmed due to the immaturity of the whales, but they were either juvenile fin or sei whales (B. physalus or B. borealis). No transmissions occurred that day due to equipment failure, but the whales had been exposed to two full days of trans- The waveform and spectrum of the one transmission type (the continuous sine wave at 57 Hz) are given in Fig.  7(a) and (b) . These levels were received at a range of 73 km from the source site during the source tests from a sonobuoy set to deploy its hydrophone at 80-m depth. There was detectable energy in the signal out to approximately 400 Hz, possibly because the source was operated at near-resonance frequencies with consequent nonlinearities in the output. However, the energy in the signal above 100 Hz was 20 dB below the peak level.
Background and vessel noise
The noise from the survey vessel AMY was detectable at distances of at least 6 km. Under typical conditions (Beaufort 6-8), the FM radio signal from the sonobuoys could be received adequately at distances up to 10 km. At this range, the noise levels from the AMY plus the self-noise from the receiving system were probably above the level of the local ambient at low frequency. The combination of noise from all three sources will be called background noise rather than ambient noise. The background noise was lowest when making recordings in low sea states at night, but, of course, this condition did not represent typical conditions in the area. With the ship underway and the sonobuoy hydrophone at 80 m, broadband spectral levels ranged around 97-103 dB re: 1/xPa at the limits of good reception. During night observations in calm weather (Beaufort 2-4), with the AMY's engines off, levels ranged from 81-85 dB re: 1 /xPa at the limits of good reception.
The R/V MARION DUFRESNE, a French seismic survey vessel, conducted surveys along the Kerguelen Plateau 370 km away and to the south throughout the study and during the return trip to Cape Town, South Africa. The lowfrequency bursts produced by the vessel were shots from eight synchronized 16 1 Bolt air guns, emitted every 100 s (Charvis, personal communication), with an estimated peak overpressure of 263 dB re: 1/xPa at the source.
An example waveform of these bursts is given in Fig. 9 . The bursts were approximately 3 s in duration and ranged in frequency from 30-500 Hz. The spectrum after subtracting the background noise is given in Fig. 10(b) . The levels of noise from the MARION DUFRESNE were measured 6 km from the AMY at night on 29 January, during the transmission period, and while idling on 6 February, shortly before the AMY crossed the Antarctic Convergence. The vessel was 371 nm (687 km) and 578 nm (1070.5 km) from the AMY, respectively. Bursts from the MARION DUFRESNE measured approximately 110 dB re: 1/xPa and exceeded the background level by 10-30 dB within the band from 30-500 Hz. They measured 112 dB re: 1/xPa on 6 February.
Recordings of cetacean vocalizations
Recordings collected during the baseline and transmission periods contained vocalizations of sperm whales, pilot whales, and hourglass dolphins. At no time during the acoustic recordings at nights or during opportunistic behavioral observations were rorqual calls detected by ear or spectrographically. All recordings were monitored below 500 Hz in real time using a digital spectrograph with frequency resolution of 1 Hz, so it is unlikely that rorqual calls were present but undetected.
There were sufficient recordings in the presence of pilot whales and sperm whales to make comparisons between baseline and transmission periods unexposed vocal behavior possible. In particular, sperm whales were detected on many of the recordings made during the baseline period, including the systematic recordings made at night. The effort and results of these surveys are summarized in Table VI. Echolocation clicks and whistles were recorded from pilot whales during all 4 daytime encounters from 18 January to 3 February. Pilot whales were detected twice at night by their vocalizations. Sperm whale clicks were recorded simultaneously with pilot whale calls on two occasions from hydrophones at 122 m. Pilot whales were never encountered during the transmission surveys and no calls were detected at night. Clicks were recorded in the presence of a single large sperm whale encountered during the baseline period. Sperm whale clicks were also detected often when buoys were dropped during the daytime, although no sperm whales were sighted. Therefore, there were probably more sperm whales in the area than the two observations at the surface suggested. Unfortunately, estimates of the number of sperm whales on each recording could not be made using the methods of Whitehead and Weilgart (1990) because few codas were detected.
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Acoustic monitoring was conducted for a total of 1137 min during the baseline period and 2202 min during the transmission experiment. Sperm whale clicks, clangs, and a few codas were detected during 24% of the time in the baseline period and pilot whales were detected during 8% of the time. Systematic night-time recordings were made for 849 min during the baseline period and 1481 min during the transmission period. Sperm whales were present during 8% and pilot whales were present during 0% of this effort. Sperm whales and pilot whales were not detected during the transmission experiments. One silent sperm whale was encountered at great range from the survey vessel during the transmission period. It was sighted in the morning on 25 January, at which time it would have been exposed to the transmissions only briefly. Sperm whale clicks were detected again during the first night-time recording after the storm, or at most 36 h after the end of transmissions.
Sperm whales may also have been silenced by seismic survey impulses, although the sample of recordings in the absence of the MARION DUFRESNE during the baseline period is small. During the systematic night-time recordings in the baseline period, 380 min of recordings were made while the seismic survey vessel was audible and 409 min in its absence. Sperm whales were heard 15% of the time and pilot whales 5% of the time in the absence of pulses but not in their presence. It is most parsimonious to assume that the small sample of recordings with the vessel present was insufficient to allow pilot whale calls to be detected. However, sperm whale vocalizations were common enough that they could have been expected. The pulses from the MARION DU-FRESNE exceeded the background by 10-15 dB during all of these recordings. Even the short-term effects that were observed must be interpreted carefully. The normal distribution and movements of marine mammals in the vicinity of Heard Island were not known at the start of the experiment, so some of the changes observed could have been caused by natural factors unrelated to the transmissions. In addition, the two survey vessels and the MARION DUFRESNE were confounding disturbances. Finally, if the transmissions caused alterations in behavior, some species might have been seen less or detected acoustically less during the transmissions because they were less detectable rather than less dense. For example, five pods of minke whales were detected during the baseline survey but none were seen during the transmissions. Concurrently, the number of groups of unidentified large whales sighted from AmY increased; some of these could have been minke whales. Antarctic minke whales have been observed avoiding survey vessels (Leatherwood et al., 1982) , and they may have been made more wary by the transmissions. However, the lack of sightings of any mid-to large-sized whales from CORY, identified or not, could only suggest effects on distribution within 10 km of the transmission site (within the 150-dB isopleth).
Results of observations
The behavioral changes observed in the few balaenopterids tracked from AMY were consistent with results of playback experiments on other mysticetes (Malme et al., 1984; Richardson et al., 1985) . The blow rate, surfacing duration, and reorientation rate appeared to change in the presence of transmissions. The reorientation rate was a particularly dramatic indicator. However, the reorientation rate must be interpreted cautiously because it was based on observer estimates of headings and changes in headings, which are difficult to obtain from a vessel. Also, only one of the observations actually measured the responses of the same whale before, during, and after a transmission (the blue whale on 27 January); the observations on 22 and 28 January could have differed because of species differences or differences in social state. Therefore, while our results are consistent with previous studies, they are not statistically defensible evidence that whales responded to the transmissions.
The young blue actually turned toward the vessel for one surfacing after the start of transmissions, thereafter returning to its original heading. It also increased speed and changed its direction more frequently during this period. It is possible that the whale was trying to localize the transmitting source using the gradient in sound intensity as a cue. In playback experiments with lower-amplitude sources, turning toward or away from a source would have allowed whales to localize a source because the gradient would have been large near the source, i.e., exactly at the range where effects were detected. The sound intensity gradient over the distance that the blue whale traveled in the presence of the HIFT transmission was less than 2 dB, i.e., so small that it would not have been useful to the whale. If the whale attempted to avoid the transmissions, it was unsuccessful--sound levels exceeded the 132-dB upper limit of the sonobuoys throughout the observation. By the end, the focal whale was 38.9 km from CORY, having traveled 20.1 km closer in a generally northeasterly direction, including 6 km of approach during the transmission [ Fig. 6(a) ].
The biggest changes in the blue whale's orientation occurred during the first surfacing after the transmissions began (150 ø) and when three other balaenopterids were observed in the area (155 ø and 150ø) . The blue whale was observed to swim away from the CORY (relative orientation score of -1) immediately after the start of transmissions, which could easily have been a startle response. The small deviation of its track that followed was similar to movements observed in the California gray whale after exposure to experimental playback of industrial noise (Malme et al., 1984 (Malme et al., , 1986 ). In the case of the gray whale, avoidance was only detectable after statistical examination of the tracks of many individuals, and was never determined to have an important effect on migration.
The changes in distribution and behavior of deep-diving species were somewhat more convincing evidence of disturbance. Sightings of southern bottlenose whales dropped to less than half their baseline value during transmissions and all the sightings during the transmission period were made on January 28 and 29, days when few or no transmissions occurred. All these individuals were observed at the far southern end of the study area and their orientations were generally away from both of the vessels. It is not clear whether the transmissions were aversive by themselves or whether they made southern bottlenose whales avoid the AmY and CORY at greater distances.
Changes in behavior of pilot whales and sperm whales provided unequivocal evidence of behavioral effects of the transmissions. Pilot whales were sighted and heard before and after the experiments, but not during the transmissions; two groups were detected immediately after the storm that shut down the experiment (within 36 h of the end of the experiment). Sperm whales, which were heard frequently in the area during the baseline period, were silent during the transmissions, but their clicks reappeared within 36 h as well. They either left the area or became silent when the transmissions were underway. Such an effect could be expected because sperm whales frequently become silent in the presence of man made noise, including the sound of approaching vessels and sonar noise. It could not be determined whether the individuals that reappeared after the end of the experiment were the same as those in the area earlier.
Small odontocetes and fur seals probably did approach the transmission site, but the reasons for the approach are unclear. Small schools of dolphins were seen more frequently near the transmitting vessel CORY after the start of the experiments (eight sightings versus 1 during the baseline period) and were observed to approach and bow-ride during transmissions. The number of schools seen from the survey vessel AMY more than doubled (from 6 to 15 schools) during the transmissions. Fur seals were more abundant in the study area during the transmissions, based on surveys from both AMY and CORY, but the change was not as dramatic. Changes in density could not be determined in either case due to small sample size. It is quite possible that these species approached the source out of curiosity. Alternatively, the transmissions may have affected prey distribution, availability, or detectability. We found no evidence that prey distribution was a factor, but the surveys with the fish-finding fathometer cannot be considered an adequate study of prey abundance and distribution, particularly not close to the source site.
In summary, changes in distribution, surfacing behavior, and vocalizations were observed in response to the transmission experiment. The long-term effects of the transmissions could not have been ascertained by this short-term experiment. None of the changes observed have been associated with long-term effects in any other species.
